Monodisperse porous Ni0.5Zn0.5Fe2O4 nanospheres have been successfully synthesized by the solvothermal method. The diameter of the nanospheres can be tuned by controlling the reactant concentration. Lower reactant concentration is favoured for the synthesis of mesoporous Ni0.5Zn0.5Fe2O4 nanospheres with higher surface area. The electrochemical results show that mesoporous Ni0.5Zn0.5Fe2O4 nanospheres exhibit high reversible specific capacity (1110 mAh g-1) for Li storage and high capacity retention, with 700 mAh g-1 retained up to 50 cycles. The excellent electrochemical properties could be attributed to the large surface area and mesoporous structure. The results suggest that Ni0.5Zn0.5Fe2O4 could be a promising high capacity anode material for lithium ion batteries.
Introduction
Hollow or porous-structured transition metal oxides are of great interest in many applications, such as catalysts, batteries, supercapacitors, solar cells, and fuel cells [1] [2] [3] [4] [5] [6] [7] , owing to their large specific surface areas. The Li-ion battery is the most important energy storage device in our daily life for portable devices and potentially for electric vehicles. As possible substitutes for commercial graphite materials (theoretical specific capacity of 372 mAh g -1 ), transition metal oxides have attracted considerable attention from researchers around the world, who are interested in their potential as high capacity anode materials for lithium ion batteries (LIBs) [8, 9] .
Nevertheless, finding electrode materials with high energy density and excellent cycling stability is still a great challenge for LIBs [10] [11] [12] .
Compared with the various simple transition metal oxides, such as NiO, ZnO, Fe 2 O 3 , Co 3 O 4 , Cr 2 O 3 , and CuO [7, [13] [14] [15] [16] [17] [18] , nanostructured spinel ferrites with the general formula AFe 2 O 4 (A = Ni, Zn, Co, Cu) [6, [19] [20] [21] are of great interest because of their high initial discharge capacity (over 1000 mAh g -1 ). Ding et al. [22] prepared ZnFe 2 O 4 by the polymer pyrolysis method (PPM), and the ferrite samples prepared via this method show superior capacities and cycling stabilities, with an initial specific capacity as high as 1419.6 mAh g -1 that is maintained at over 800 mAh g -1 even after 50 cycles. Zhao et al. [23] have reported that the initial discharge capacity of nanosized NiFe 2 O 4 could reach as high as 1314 mAh g -1 , which is attributed to the large surface area and short diffusion length of the nanostructure. The discharge capacity, however, decreased to 790.8 mAh g -1 after 2 cycles and to 709.0 mAh g -1 after 3 cycles at a current density of 0.2 mA cm -2 . Liu and co-workers [24] reported that NiFe 2 O 4 showed the highest reported initial discharge capacity of 1400 mAh g -1 ,
which was due to its nanoscale particle size and better crystallinity, although this material demonstrated relatively poor capacity retention. Zhao's group [25] found that ZnFe 2 O 4 prepared by the hydrothermal method exhibited the initial discharge capacity of 1287.5 mAh g -1 , although the discharge capacity of these nanoparticles declined to 746 mAh g -1 after 2 cycles.
The reaction route, particle size, and morphology of spinel ferrite can play very important roles in the electrochemical performance of LIBs [26, 27] . It was found that the capacity retention of metal oxides can be improved by fabricating materials in hollow or mesoporous nanostructures, which could accommodate volume changes and shorten the lithium diffusion length [15] [16] [17] [18] [19] [20] . Hollow ZnFe 2 O 4 nanospheres with a diameter of 1 μm were synthesized by Guo et al. [6] via hydrothermal reaction followed by annealing at 600 °C in air, and the hollow spherical structure significantly increased the specific capacity and improved capacity retention, although the process required a high reaction temperature, which resulted in agglomeration of the hollow spheres. Deng et al. [28] nanospheres.
To avoid the problems mentioned above and obtain high capacity with good capacity retention, we synthesized mesoporous Ni 0.5 Zn 0.5 Fe 2 O 4 (NZFO) nanospheres via the solvothermal method and investigated the effects of the morphology on the electrochemical performance. To the best of our knowledge, no group has reported the electrochemical performance of hollow or mesoporous structured NZFO prepared by a one-step solvothermal method. The as-prepared mesoporous NZFO nanospheres showed excellent electrochemical performance with high initial discharge capacity and good capacity retention.
Experimental
All reagents were analytical grade and were used without further purification. In order to synthesize NZFO, stoichiometric amounts of nickel nitrate, zinc nitrate, and iron nitrate were dissolved in 30 ml ethylene glycol (EG) under magnetic stirring.
After stirring for 60 min, a suitable amount of urea was slowly added to the mixed nitrate solution. The mixture was stirred for 2 h to obtain a clear solution.
Subsequently, the solution was sealed in a Teflon-lined autoclave (50 ml capacity) and maintained at 180 °C for 24 h. Then, the mixture was cooled to room temperature 0.01 and 3.0 V using a computer-controlled charger system manufactured by Land Battery Testers. The specific capacity is based on the weight of NZFO. The loading mass of NZFO is 3-5 mg cm -2 . Electrochemical impedance spectroscopy (EIS) was conducted using a Biologic VMP-3 electrochemical workstation.
Results and discussion
3.1. Structure and morphology Figure 1 shows the XRD patterns of the Ni-Zn ferrites prepared using different reactant concentrations. All reflection peaks match with the standard JCPDS card of [32] . The Rietveld refined XRD pattern of the typical NZFO-300 sample is shown in the inset of Fig. 1 . In Fig. 1 Table 1 . The centre of the size distribution curves was shifted from 145 to 62 nm as the concentration of the reaction solution was increased from 2 to 4 mM, showing the significant influence of the reactant concentration on the nanosphere size. This can be explained by the classical theories of crystal heterogeneous nucleation [34] . In our experiment, the urea can provide centres of heterogeneous nucleation. Therefore, increasing the concentration will lead to a decrease in the average particle size. Open pores and some broken spheres can also be seen in Fig. 2(d) , as marked by the arrows, indicating the presence of hollow spheres in the NZFO-300 sample.
Transmission electron microscopy (TEM) was used to further confirm the structure of the nanospheres. Fig. 3 shows TEM images of the NZFO-200, NZFO-300 and NZFO-400 samples. Uniform and monodisperse nanospheres are observed. Fig. 3(a) , (b), and (c) clearly reveal that the spherical shells are packed with numerous NZFO nanoparticles. In Fig. 3(b) , the contrast between the dark edge and the pale center indicates the hollow interior structure of the NZFO-300 nanospheres. High-resolution TEM (HRTEM) analysis was employed to determine the crystal facets and orientation.
As shown in Fig. 3(d) , ( which is characteristic of mesoporous (2-50 nm) materials [35] . The NZFO-200 sample has sharp peaks at 2 and 31 nm, indicating the presence of mesopores.
The formation of the hollow NZFO nanospheres could be explained by the Ostwald ripening process [28] . In the sealed solvothermal reaction system, CO 2 bubbles resulting from the thermal decomposition of urea can serve as soft templates to induce the hollow/porous nanostructure. The gas bubbles provide the nucleation centers for NZFO nanoparticles to aggregate around the gas-liquid interface. As the reaction proceeds, hollow NZFO nanospheres are formed. Fig. 5 contains a schematic illustration of the formation mechanism of the hollow/mesoporous nanospheres. Based on the above analysis, when the reactant concentration is relatively low, the size of the bubbles generated from the decomposition of urea is too small to accelerate the Ostwald ripening because the gas is trapped between the interfaces, resulting in mesoporous spheres. Therefore, the urea only has a positive effect on the reduction capability of ethylene glycol, but there is not enough gas for the bubbles to act as soft templates, so that porous-structured nanospheres are only partially formed. As the reactant concentration increases, more gas bubbles are produced, thus accelerating the Ostwald ripening process, which results in the formation of hollow nanospheres. According to the formation of crystals [36] , the rate of the generation or the quantity of the gas bubbles plays an important role in controlling the particle size. In the same volume of the EG, as urea increases to a higher amount, the more bubbles are produced, and the quantity of Ni 0.5 Zn 0.5 Fe 2 O 4 aggregation in each bubble will be reduced, resulting in the decrease of the nanosphere size. The initial discharge capacity is always higher than the theoretical capacity, which is due to the decomposition of electrolyte and the formation of the solid electrolyte interphase (SEI). The possible reaction between Zn and Li would be another contribution to the high capacity [37] .
Electrochemical characterizations
The highest surface area sample, NZFO-200, shows the highest initial discharge capacity of 1480 mAh g -1 . The reversible capacity is due to the 
The highest reversible capacities were also observed for the NZFO-200 sample, up to 1100 mAh g -1 .
The dQ/dV results are also plotted in Fig. 7 . In the 1 st cycle [ Fig. 7(a) ], an additional peak can be found at 0.46 and 0.66 V for the NZFO-200 and NZFO-300 samples, respectively. This may be due to the further lithiation of ZnO to give a Li-Zn alloy, as a similar peak between 0.2 and 0.5 V was observed in the literature [38] . The high intensity of the 0.46 V peak of the NZFO-200 sample indicates the highly reversible reaction of Zn and lithium, which can be attributed to the mesoporous structure with small crystallite size and high surface area. It is also worth mentioning that there is a large deviation in potential between the charge and discharge profiles, owing to the large polarization related to ion transfer during the cycling process. This phenomenon is often observed in many metal oxide anodes due to poor electrical conductivity [15, 16, 39, 40] .
The rate performance was also investigated to characterize the stability of the NZFO-200 and NZFO-400 electrodes, as shown in Fig. 9 . The NZFO-200 electrode shows the highest specific capacity of 508 mAh g -1 at a current density of 1 A g -1 . The capacity retention rates at 500 mA g -1 and 1 A g -1 are 75.5 % and 56.1 % compared to the 100 mA g -1 capacity, respectively. In comparison, the NZFO-400 electrode shows relatively poor high rate capability, with less than 15% capacity retention at current density of 1 A g -1 . The high rate capability can be attributed to the high surface area and mesoporous structure, which can enhance contact between the electrode and electrolyte, and shorten the lithium diffusion length. 
